The cell-to-cell transport of many plant viruses through plasmodesmata requires viral movement proteins (MPs) encoded by a 'triple gene block' (TGB) and termed TGB1, TGB2 and TGB3. TGB3 is a small integral membrane protein that contains subcellular targeting signals and directs both TGB2 and the helicase domain-containing TGB1 protein to plasmodesmataassociated structures. Recently, we described a 'binary movement block' (BMB) coding for two MPs, BMB1 and BMB2. The BMB2 protein associates with endoplasmic reticulum (ER) membranes, accumulates at plasmodesmata-associated membrane bodies and directs the BMB1 helicase to these structures. TGB3 transport to cell peripheral bodies was previously shown to bypass the secretory pathway and involve a non-conventional mechanism. Here, we provide evidence that the intracellular transport of both poa semilatent virus TGB3 and hibiscus green spot virus BMB2 to plasmodesmataassociated sites can occur via lateral translocation along the ER membranes. Agrobacterium-mediated transient coexpression in Nicotiana benthamiana leaves revealed that green fluorescent protein (GFP)-fused actin-binding domains of Arabidopsis fimbrin (ABD2-GFP) and mouse talin (TAL-GFP) inhibited the subcellular targeting of TGB3 and BMB2 to plasmodesmata-associated bodies, which resulted in TGB3 and BMB2 accumulation in the cytoplasm in association with aberrant ER structures. Inhibition of COPII budding complex formation by the expression of a dominant-negative mutant of the small GTPase Sar1 had no detectable effect on BMB2 subcellular targeting, which therefore could occur without exit from the ER in COPII transport vesicles. Collectively, the presented data support the current view that plant viral MPs exploit the ER:actin network for their intracellular transport.
INTRODUCTION
Plant viruses encode movement proteins (MPs) that enable the cell-to-cell transport of viral genomes through plasmodesmata, which interconnect adjacent cells in plant tissues [1, 2] . Intracellular targeting of viral MPs to plasmodesmata generally involves interactions with the endoplasmic reticulum (ER) and the cytoskeleton [3] . In particular, for a number of unrelated plant viruses the actin cytoskeleton is found to play a role in viral cell-to-cell transport and/or in plasmodesmal localization of virus-encoded MPs [3] .
Extensive investigations of tobacco mosaic virus (TMV) MP, so far the best-studied plant virus MP, revealed that the viral cell-to-cell transport involves RNA-containing 'MP particles' observed at early infection stages in the leading edge of spreading infection sites [4, 5] . The available data demonstrate that cell-to-cell transport mediated by the TMV MP involves interplay between microtubules, the actin cytoskeleton, myosin motors and the ER. Since the TMV MP interact with ER membranes [6, 7] and microtubules [8, 9] and, on the other hand, the ER is tightly associated with actin microfilaments [10] and intersects with microtubules at specific sites [11] [12] [13] [14] , the current integrative model of TMV transport implies that microtubules provide localized sites of assembly and anchorage for the MP particles at the ER [15] , whereas their intracellular translocation can occur by directed diffusion along the ER membrane [16] , with the efficiency and directionality of transport being provided by the actomyosin system [3, 15] .
The functional roles of the actin cytoskeleton and myosin motors in cell-to-cell movement have also been documented for a number of TMV-unrelated viruses. Among these, closteroviruses employ a unique mechanism of cell-to-cell translocation involving helical filamentous virions as a transport form for their unusually large RNA genome [17, 18] . For closterovirus Beet yellows virus (BYV), five virus-encoded proteins are required for cell-to-cell transport [17, 19] , with Hsp70h (a homologue of cell Hsp70) being the key protein responsible for plasmodesmata targeting. In BYV-infected cells, Hsp70h is found in plasmodesmata [20] , whereas transiently expressed Hsp70h fused to GFP is found in both motile granules associated with actin microfilaments and immobile granules located at the cell periphery and associated with plasmodesmata [21] . Treatments with cytochalasin D and latrunculin B that disrupt actin microfilaments are found to block the formation of peripheral Hsp70h-containing granules, and a similar effect is observed for BDM, an inhibitor of the myosin-type ATPases known to interfere with the myosin function [21] . Furthermore, dominant-negative inhibition of individual myosins by overexpressed myosin tails demonstrated that myosins VIII-1, VIII-2 and VIII-B are involved in the intracellular delivery of Hsp70h to plasmodesmata [22] . Thus, the targeting of Hsp70h to plasmodesmata requires a functional actomyosin system.
The 'triple gene block' (TGB) found in viruses of several families encodes three MPs, of which TGB1 contains a NTPase/ helicase domain and is capable of RNA binding, whereas TGB2 and TGB3 are small membrane-integrated proteins involved in the intracellular delivery of TGB1 and, presumably, viral genomic RNA bound by TGB1 to plasmodesmataassociated sites [23, 24] . As demonstrated for hordeivirus [25] [26] [27] , pomovirus [28] [29] [30] and potexvirus [31] [32] [33] models, TGB3 contains signal(s) for its targeting to ER-derived membrane structures positioned in the close vicinity of plasmodesmata and is able to direct TGB2 and TGB1 to these sites. Therefore, TGB3 appears to be a key element in the subcellular trafficking of TGB transport system components [23] ; however, the mechanism of TGB3 targeting to plasmodesmata-associated sites still remains largely unknown. Studies of TGB3 encoded by Poa semilatent virus (PSLV, genus Hordeivirus) demonstrated that inhibitors affecting the actin cytoskeleton (latrunculin B and cytochalasin D) have no effect on TGB3 localization to plasmodesmata-associated sites, whereas the targeting of BYV Hsp70h to plasmodesmata is blocked under the same experimental conditions [34] . Moreover, inhibition of ER-derived transport vesicle formation by a dominant-negative mutant of the small GTPase Sar1 had no visible effect on TGB3 targeting to peripheral bodies. These data indicate that the PSLV TGB3 protein employs an unconventional mechanism of intracellular transport, which can occur without exit from the ER and without the requirement for an intact actin cytoskeleton [34] . For another hordeivirus, barley stripe mosaic virus (BSMV), latrunculin B was shown to suppress viral spread in N. benthamiana leaves in a concentrationdependent manner [35] . Interestingly, latrunculin B partially inhibited but did not abolish TGB2/TGB3-dependent localization of TGB1 to cell wall-associated structures, which were, in contrast to similar structures in untreated cells, retracted from cell walls upon plasmolysis [35] . These observations could indicate that the observed effect of latrunculin B on BSMV cell-to-cell transport was due to the inhibition of TGB1 entry into the plasmodesmata interior, rather than suppression of TGB2/TGB3-dependent intracellular transport. For potato mop-top virus (PMTV, genus Pomovirus), both TGB2 and TGB3 proteins are associated with the ER-and motile ER-associated granules [28, 36] . In addition, TGB3 is found in stationary granular structures located in the vicinity of plasmodesmata and retracted from the cell wall upon plasmolysis [28] . These structures apparently correspond to the peripheral bodies observed for the PSLV TGB3 protein. Coexpression of PMTV TGB2 and TGB3 resulted in co-localization of both proteins in motile structures associated with actin microfilaments [28] . Treatment with latrunculin B that disrupted actin microfilaments drastically changed the localization of TGB proteins, which accumulated in stationary patchy structures in the cytoplasm, while intracellular movement of the proteins was blocked [28] . Collectively, the data obtained for different viruses suggest that the actin cytoskeleton can take part in the delivery of TGB proteins to plasmodesmata and/or the TGB1 translocation into and through plasmodesmata.
Recently, we described a novel plant virus transport gene module found in the genome of hibiscus green spot virus (HGSV) and termed 'binary movement block' (BMB) [37] . BMB codes for two MPs, BMB1 and BMB2, which are distantly evolutionary related to TGB proteins [38, 39] . Previously, we found that HGSV BMB2 is capable of directing BMB1 to plasmodesmata-associated membrane compartments, to the interior of plasmodesmata, and through plasmodesmata to adjacent cells, exhibiting a functional similarity to TGB3 [37] ; however, the mechanism of the intracellular transport of BMB proteins to plasmodesmata remains to be studied.
In this paper, to analyse possible similarities in the molecular mechanisms of viral movement mediated by TGB and BMB, we compared the mechanism of PSLV TGB3 intracellular transport with that of HGSV BMB2. Experiments on the expression of actin-binding proteins and the inhibition of vesicular transport suggested that both proteins can be transported to their destination sites by lateral translocation along the ER membrane.
RESULTS
Influence of TAL-GFP on subcellular targeting of TGB3 and BMB2 To analyse subcellular localization, we used plant agroinfiltration with binary vectors encoding either HGSV BMB2 fused to the monomeric red fluorescent protein (mRFP) [37] or mRFP-fused PSLV TGB3. The latter construct was derived from a DsRed-TGB3 fusion [27] through substitution of the coding sequence for DsRed, the protein known to form dimers and oligomers [40, 41] , with that for monomeric RFP. As a control, Nicotiana benthamiana leaves were agroinfiltrated for the expression of BMB2-mRFP or mRFP-TGB3 and examined by confocal laser scanning microscopy at 2 or 3 days post infiltration (p.i.). Similar to previous experiments, both proteins were predominantly found in cell wall-appressed bodies (Fig. 1a, b) .
To visualize the actin microfilaments we used mouse talin fused to GFP (TAL-GFP), which is known to bind actin filaments efficiently in plants cells without affecting the general functional properties of the actin cytoskeleton [42] . Nonetheless, TAL-GFP was often found to influence the appearance of the actin network, making it less dense and more bundled than is normally observed [43, 44] . TAL-GFP was co-expressed with either BMB2-mRFP or mRFP-TGB3 by agroinfiltration. At 3 days p.i., TAL-GFP was mostly observed in association with actin filaments, with a minor amount of GFP fluorescence being found in the nucleoplasm (Fig. 1c, d ). In cells co-expressing mRFP-TGB3 and TAL-GFP, the localization of mRFP-TGB3 was drastically changed compared to cells where this fusion protein was expressed alone. mRFP-TGB3 co-expressed with TAL-GFP was observed in thread-like structures forming a network-like assembly in the cytoplasm, with only a minor amount of the protein being associated with the cell wall (Fig. 1c) . The mRFP-TGB3-containing structures in these cells did not coincide with TAL-GFP-bound actin filaments (Fig. 1c) . In contrast to mRFP-TGB3, co-expression with TAL-GFP had no detectable effect on the localization of BMB2-mRFP, which remained in cell wall-appressed bodies (Fig. 1d) . Therefore, in these experimental conditions TAL-GFP can influence the subcellular targeting of TGB3, but not that of BMB2.
To determine the nature of the sub-cellular structures containing mRFP-TGB3 in the presence of TAL-GFP, mRFP-TGB3 was co-expressed with TAL-GFP and a blue fluorescent protein (BFP)-based ER-targeted protein (ER-BFP). The latter construct represented a derivative of m-GFP5-ER containing the N-terminal signal sequence of Arabidopsis thaliana basic chitinase and the C-terminal ER retention signal HDEL [27] , with the GFP gene replaced with the BFP gene. When expressed alone, ER-BFP exhibited localization to the cortical ER and the nuclear envelope, matching the localization of m-GFP5-ER (data not shown). In cells co-expressing mRFP-TGB3, TAL-GFP and ER-BFP, the mRFP-TGB3-containing structures were similar to those observed in cells expressing mRFP-TGB3 and TAL-GFP (Fig. 2a) . On the other hand, the structure of the cortical ER network was destroyed to a considerable extent in these cells: ER-BFP was mostly observed in irregularly shaped aberrant sheets, or cisternae, apparently representing coalesced or inflated cortical ER structures, interconnected by rare ER tubules that remained preserved in these conditions (Fig. 2a, b) . Remarkably, the mRFP-TGB3-containing structures localized in association with aberrant ER structures, often forming a rim around the ER cisternae (Fig. 2a, b ). These observations show that co-expression of mRFP-TGB3 and TAL-GFP causes destruction of the native cortical ER network and that mRFP-TGB3 accumulates in the resulting membrane structures under these conditions.
To analyse the ER structure in cells expressing BMB2-mRFP and TAL-GFP, these two fusion proteins were coexpressed with ER-BFP. Similar to previously reported experiments on co-expression of BMB2-mRFP and ER-GFP [37] , the cortical ER network remained preserved under these conditions, and the BMB2-mRFP-containing cell wall-appressed bodies also contained ER-BFP (Fig. 2c) . Therefore, unlike the co-expression of mRFP-TGB3 and TAL-GFP, which results in both the formation of aberrant ER sheets and the inhibition of TGB3 subcellular targeting, the co-expression of BMB2-mRFP and TAL-GFP caused none of these effects.
Since TAL-GFP had different effects on the targeting of BMB2-mRFP and mRFP-TGB3, we next analysed whether higher amounts of TAL-GFP could have an effect on the targeting of BMB2-mRFP. To produce higher levels of TAL-GFP, N. benthamiana leaves were agroinfiltrated for TAL-GFP expression 7 or 24 h prior to agroinfiltration of the BMB2-mRFP construct. Confocal microscopy carried out at 2 days p.i. revealed that under these conditions the effect of TAL-GFP on BMB2-mRFP localization was similar to the effect observed for mRFP-TGB3 (Fig. 3a, b ). This effect was intermediate for the infiltration of the TAL-GFP construct 7 h beforehand ( Fig. 3a) and very prominent for the infiltration 24 h beforehand (Fig. 3b) . To verify that the effects of prior infiltration of the TAL-GFP construct are associated with increased TAL-GFP levels, N. benthamiana leaves simultaneously co-agroinfiltrated with the TAL-GFP and BMB2-mRFP constructs, as well as leaves agroinfiltrated for TAL-GFP expression 7 and 24 h prior to agroinfiltration of the BMB2-mRFP construct, were analysed by Western blotting with GFP-specific antibodies. The TAL-GFP accumulation level was found to be the highest for the TAL-GFP construct that had been infiltrated 24 h beforehand, intermediate for the construct infiltrated 7 h beforehand, and the lowest for simultaneous co-infiltration (Fig. 3c, d ). These data show that TAL-GFP is able to influence the subcellular targeting of both BMB2-mRFP and mRFP-TGB3, although higher amounts of TAL-GFP are required to have the effect on BMB2-mRFP.
Influence of ABD2-GFP on subcellular targeting of TGB3 and BMB2
To analyse whether other actin-binding proteins could affect the subcellular targeting of TGB3 and BMB2, we used ABD2-GFP, a GFP-fused actin-binding domain 2 of Arabidopsis fimbrin [45] . mRFP-TGB3 and BMB2-mRFP were individually co-expressed with ABD2-GFP by the co-agroinfiltration of N. benthamiana leaves. Confocal microscopy carried out at 3 days p.i. revealed that ABD2-GFP, as expected, was bound to actin filaments ( Fig. 4a-d) . On the other hand, subcellular targeting of both MPs was blocked by ABD2-GFP: mRFP-TGB3 and BMB2-mRFP were localized in cytoplasmic structures, forming a network-like assembly, which was more evident for BMB2-mRFP and was, for both mRFP-TGB3 and BMB2-mRFP, denser in the cytoplasm surrounding the nucleus (Fig. 4a, c) . Higher magnification imaging revealed that the structures containing mRFP-TGB3 and BMB2-mRFP did not overlap with actin filaments (Fig. 4b, d) . Therefore, similarly to TAL-GFP, ABD2-GFP suppressed intracellular targeting of mRFP-TGB3 and BMB2-mRFP.
Although BMB2-mRFP is capable of directing BMB1 subcellular targeting, it was unable to mediate BMB1 cell-to-cell transport through plasmodesmata, indicating that this fusion protein was only partially functional [37] . Therefore we analysed whether the localization of BMB2-mRFP in a cytoplasmic network-like assembly in the presence of ABD2-GFP could be an artifact resulting from BMB2 fusion to the fluorescent reporter protein. To this end, GFP-BMB1 fusion protein [37] was co-expressed with nonfused BMB2 and non-fused ABD2. Microscopy of agroinfiltrated N. benthamiana leaves revealed that GFP-BMB1, which is known to be distributed diffusely in the cytoplasm when expressed alone [37] , was localized to thread-like cytoplasmic structures (Fig. 4e) , closely resembling those containing BMB2-mRFP upon its co-expression with ABD2-GFP. This observation strongly suggests that localization of BMB2 to structures of this type in the presence of ABD2-GFP is the intrinsic property of BMB2.
Effects of actin-binding proteins on subcellular targeting of TGB3 and BMB2 are associated with inhibition of Golgi motility and ER rearrangements Since transiently expressed ABD2-GFP was previously reported to suppress actin-dependent Golgi motility in plant cells [45] , we analysed whether fluorescent protein-tagged mouse talin could have a similar effect. To this end, TALmRFP was co-expressed with Golgi marker ST-GFP [37] by agroinfiltration. As a control, ST-GFP was co-expressed with mRFP. Confocal microscopy revealed that the motility of Golgi stacks observed in the presence of mRFP was inhibited in cells expressing TAL-mRFP (Fig. 5) . These observations show that under the conditions of transient expression, fluorescent protein-tagged talin can inhibit Golgi motility in addition to the previously observed bundling of actin network [43, 44] .
Since the effect of TAL-GFP on the mRFP-TGB3 subcellular localization was associated with disruption and reorganization of the cortical ER network (Fig. 2a, b) , we analysed the influence of TAL-GFP and ABD2-GFP on the ER structure in more detail. Co-expression of TAL-GFP with ER-targeted mRFP (ER-mRFP) had no substantial effect on the cortical ER structure (Fig. 6a) . The fluorescent protein-tagged TGB3, besides inducing formation of ER-derived TGB3-containing peripheral bodies, has also been shown to have little influence on the cortical ER network [27] . Therefore, the destruction of the cortical ER network and the coalescence of the ER tubules into ER- derived cisternae observed in cells co-expressing TAL-GFP, mRFP-TGB3 and ER-BFP (Fig. 2a, b) can be attributed to a cumulative effect of TAL-GFP and mRFP-TGB3 expression.
Co-expression of ABD2-GFP with ER-mRFP resulted in a rearrangement of the cortical ER. In cortical cell regions, the reticulate pattern of the ER structure remained largely unaffected by ABD2-GFP expression, whereas in the area around the nucleus the ER tubules coalesced, giving rise to membrane cisternae (Fig. 6b) . Such an effect of transient ABD2 expression, resulting in the occasional coalescence of cortical ER tubules into large aberrant membrane sheets, has been described previously [45] . It should be noted that the subcellular distribution of ABD2-GFP was not uniform, with most of the ABD2-GFP expressed in a particular cell being associated with actin filaments in cell regions surrounding the nucleus (Figs 4a, c and 6b) . Therefore, the rearrangement and coalescence of the ER structures in the perinuclear cell area correlated with the local accumulation of ABD2-GFP in this cell region. To determine whether the BMB2-mRFP-containing structures that were observed upon the co-expression of BMB2-mRFP and ABD2-GFP [mostly in the perinuclear cell regions (Fig. 4c) ] could be associated with the aberrant membrane structures induced by ABD2-GFP expression, N. benthamiana leaves were co-agroinfiltrated with BMB2-mRFP, ABD2-GFP and ER-BFP constructs. In epidermal cells expressing all three proteins, BMB2-mRFP-containing structures were indeed located predominantly in the perinuclear cell area containing ER cisternae resulting from ABD2-GFP expression (Fig. 6c) . Further, we analysed whether the BMB2-mRFP-containing thread-like structures found in the presence of higher amounts of TAL-GFP (Fig. 3b ) could be associated with aberrant ER structures. To this end, N. benthamiana leaves were agroinfiltrated for TAL-GFP expression 24 h prior to co-agroinfiltration of the BMB2-mRFP and ER-BFP constructs. Confocal microscopy revealed that the ER structure was considerably altered under these conditions. Along with a partially retained cortical ER network, ER-BFP was found in agglomerations of granular bodies interconnected by the remaining cortical ER tubules, and BMB2-mRFP-containing thread-like structures were associated with these agglomerations (Fig. 6d) . Thus, in cells expressing the actin-binding proteins ABD2-GFP or TAL-GFP, the observed inhibition of BMB2 and TGB3 subcellular targeting was accompanied by the accumulation of these proteins in association with aberrant ER-derived membrane structures, which are formed as a result of either ABD2-GFP expression, or co-expression of TAL-GFP with mRFP-TGB3 or BMB2-mRFP.
COPII transport vesicles are not involved in subcellular targeting of BMB2
In Golgi-dependent intracellular transport, integral membrane proteins as well as proteins located in the ER lumen exit the ER in coat protein complex II (COPII)-coated transport vesicles, which bud from the ER and fuse to the Golgi apparatus [46, 47] . Formation of COPII vesicles requires small GTPase Sar1 [46] . Previously, using Sar1
[T34N], a dominant-negative Sar1 mutant known to prevent COPII budding complex formation and therefore block exit from the ER [48] , we demonstrated that COPII vesicles are not involved in the subcellular targeting of PSLV and PVX TGB3 proteins, which thus occurs without exit from the ER [34, 49] . To analyse whether COPII vesicles are involved in subcellular targeting of BMB2, BMB2-mRFP was co-expressed with Sar1[T34N] and the Golgi marker ST-GFP, which was included in the experiment to visualize the Sar1[T34N] effect. In a control, BMB2-mRFP was coexpressed with ST-GFP alone. Here, the red fluorescence was visible in cell wall-appressed bodies, which did not overlap with the numerous GFP-labelled Golgi structures dispersed in the cytoplasm (Fig. 7a) , as had already been observed in an earlier study [37] . As expected, co-expression of BMB2-mRFP and ST-GFP together with Sar1[T34N] resulted in the absorption of Golgi structures into the ER network (Fig. 7b) , the typical effect of Sar1[T34N] described previously [34, 49] . However, in cells with such Sar1
[T34N]-induced redistribution of the Golgi marker, BMB2-mRFP remained localized to characteristic peripheral bodies (Fig. 7b) . These data show that, similarly to the case of TGB3 proteins, the subcellular trafficking of BMB2 to destination sites does not involve COPII vesicles.
DISCUSSION
The data presented in this paper show that intracellular targeting of membrane-embedded PSLV TGB3 and HGSV BMB2 MPs can be suppressed by transiently expressed actin-binding proteins ABD2-GFP and TAL-GFP. It has been documented that actin has a role in intracellular targeting in a number of plant virus membrane-associated
MPs [3] . In general, the intracellular transport of many MPs is known to occur in association with the ER membranes [16] or with ER-derived membrane structures [24] . Since the ER network is closely associated with actin filaments [10] , the inhibition of TGB3 and BMB2 targeting by actinbinding proteins corroborates the current view that MPs exploit the ER:actin network for their intracellular transport.
Interestingly, whereas in this paper we report the suppression of PSLV TGB3 targeting by ABD2-GFP and TAL-GFP, previous observations suggested that actin-affecting inhibitors have no detectable effect on the localization of PSLV TGB3 to cell wall-associated membrane bodies [34] . Similar observations were made for TMV movement. Indeed, treatment with latrunculin B had no effect on the spread of TMV infection, whereas ectopically expressed ABD2-GFP suppressed the TMV cell-to-cell transport and, moreover, latrunculin B treatment was able to abolish the suppressive effect of ABD2-GFP [45] . These data have been interpreted as evidence indicating that the TMV movement along the ER:actin network is maintained in the absence of actin and occurs primarily via the ER membrane, which is known to be preserved in latrunculin B-treated cells in which the network of actin filaments is disintegrated [50] [51] [52] .
The suppressive effect of ABD2-GFP expression on TMV movement was correlated with the inhibition of myosindependent trafficking of Golgi complexes, thus suggesting that TMV movement along the ER is facilitated by, or even dependent on, a non-obstructed actomyosin-driven bulk transport pathway along the membrane [3, 45] . A similar explanation could be offered for the effects of ABD2-GFP, TAL-GFP and latrunculin B on TGB3 subcellular targeting, which can occur, similarly to the TMV MP targeting, by lateral translocation along the ER membrane [16, 23, 24] . Therefore, the integrity and fluidity of the ER network alone can provide sufficient means for the intracellular transport of MPs. One can assume that in the absence of an actin cytoskeleton, disrupted by latrunculin B, a non-directional diffusion of MPs along the ER structures could still result in their correct, but less efficient, subcellular targeting, if these proteins are trapped at their destination sites.
As observed in this paper and reported earlier [45] , transient expression of ABD2 fused to GFP or RFP induces the formation of membrane cisternae that are located predominantly in nucleus-surrounding cell regions, where most of the expressed ABD2 is accumulated. These observations show that ABD2 expression interferes with maintenance of the ER structure and corroborate other data showing that the arrest of certain types of actin-dependent transport has considerable effects on ER morphology [53] . For example, inhibition of myosin XI-K, which is involved in the cytoplasmic motility of Golgi, mitochondria and peroxisomes [54] , results in the formation of persistent ER cisternae [10, 52, 54] . Therefore, the induction of aberrant ER cisternae by fluorescent protein-fused ABD2 can be attributed to its previously documented ability to suppress actindependent transport, as has been demonstrated for the motility of Golgi stacks [45] . As shown in this paper, fluorescent protein-tagged TAL also efficiently blocked actindependent Golgi movement and, when expressed at high levels, induced the formation of cortical ER-derived agglomerations of granular bodies, suggesting a similar mechanism of influence on the ER structure for over-expressed ABD2 and TAL. It should be noted that TAL-GFP was unable to cause severe changes in the cortical ER structure when expressed alone, but induced the formation of ER-derived cisternae and the disintegration of the ER network upon co-expression with mRFP-TGB3, which did not change the ER morphology on its own. Previously, we found that PSLV TGB3 transiently expressed at high levels as a non-fused protein, but not fluorescent protein-tagged TGB3, is able to induce severe rearrangement of the ER structure [27, 55] . One can assume that mRFP-TGB3 retains a concealed ability for ER remodelling, and this ability is exhibited when actin-dependent maintenance of the ER structure is somehow disturbed by TAL-GFP. In the presence of BMB2-mRFP, high levels of TAL-GFP are required to induce ER structural changes, suggesting that the BMB2 fusion protein might have a weaker intrinsic ability for ER remodelling compared to mRFP-TGB3.
Remarkably, the inhibition of subcellular targeting of TGB3 and BMB2 by ABD2-GFP and TAL-GFP results in the accumulation of these MPs in structures associated with aberrant derivatives of the ER network observed in these conditions. It is likely that cisternae and other aberrant ERderived membrane compartments are incompatible, structurally or functionally, with lateral translocation of the MPs in the ER membrane towards their destination sites. Previously, TGB3 of bamboo mosaic virus (genus Potexvirus) has been shown to be sorted into ER sub-domains with high membrane curvature [32, 33] . In view of this finding, our observation that PSLV TGB3 co-expressed with TAL-GFP is localized to curved membranes at the edges of aberrant ER-derived cisternae rather than to flat cisternae bodies may indicate that PSLV TGB3, which is sequence-unrelated to potexvirus TGB3 and belongs to a distinct TGB3 group [23] , also has an affinity for curved membrane subdomains. Additionally, one can assume that besides blocking the trafficking of TGB3 and BMB2 to their destination sites and possibly destroying these ER sub-domains, disorganization of the cortical ER network by actin-binding proteins leads to the generation of new targeting sites in aberrant ERderived structures, which results in the accumulation of MPs in association with these compartments.
Collectively, the data on suppression of the subcellular targeting of HGSV BMB2 and PSLV TGB3 by actin-binding proteins and the resulting association of BMB2 and TGB3 with ER-derived aberrant membrane compartments suggest a common ER:actin network-mediated mechanism for subcellular trafficking of these proteins. Accordingly, the intracellular targeting of BMB2 does not involve exit from the ER in COPII transport vesicles, as has previously been demonstrated for PSLV and PVX TGB3 proteins [34, 49] .
In conclusion, the data presented in this paper are consistent with the model of TGB2/TGB3 transport to plasmodesmata-associated sites by lateral translocation along the ER membrane [23, 24] and suggest a similar mechanism for BMB2 trafficking. BMB2 subcellular targeting along the ER: actin network has been further analysed with respect to the role of myosins (using dominant-negative myosins mutants [22, 54, 56] ) and ER-shaping proteins [57] .
METHODS

Recombinant constructs
The constructs for the transient expression of BMB2-mRFP, GFP-BMB1, BMB2, ST-GFP [37] , ABD2-GFP [45] and Sar1[T34N] [49] were described previously. To obtain ER-mRFP and ER-BFP, the GFP coding sequence in the previously described construct m-GFP5-ER [27] was replaced by those of mRFP and TagBFP (Evrogen, Russia). mRFP-TGB3 was constructed by the substitution of the DsRed coding region in DsRed-TGB3 [27] for that of mRFP. To obtain TAL-GFP and TAL-mRFP, the YFP coding sequence in the construct TAL-YFP [58] was replaced by that of GFP and mRFP, respectively. 
Plant material
Agroinfiltration and transient expression
The plasmids were transformed into Agrobacterium tumefaciens (strain C58C1) using a freeze-thaw method. Agrobacterial cultures for transformation were prepared as described previously [59] . Briefly, overnight cultures of agrobacteria were grown in Luria-Bertani (LB) medium with antibiotics, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) and 20 mM acetosyringone at 28 C. Agrobacteria cells were collected by centrifugation, resuspended in infiltration medium (10 mM MES, pH 5.5, 10 mM MgCl 2 , 150 mM acetosyringone) and incubated for 4 h at room temperature. Just before infiltration, agrobacterium cultures were mixed by combining equal volumes of individual cultures to a final optical density of 0.3 at 600 nm (OD 600 ). A needleless syringe was used to infiltrate the abaxial surface of fully expanded leaves of N. benthamiana.
Confocal microscopy
Visualization of the distribution patterns of fluorescent proteins was performed 2-3 days after agroinfiltration on epidermal cells. Leaf discs were observed using a Zeiss LSM780 (Oberkochen, Germany) confocal laser scanning microscope under the multitrack mode. The excitation wavelengths were 488 nm for GFP, 543 nm for mRFP and 402 nm for TagBFP. For dual-and triple-colour imaging, the acquisition windows were 493-550, 582-640 and 432-480 nm for GFP, mRFP and TagBFP, respectively. Threechannel images were also acquired on a Nikon C2plus (Japan) confocal laser scanning microscope using a C2-DUS spectral detector. Fluorescence was excited using 405, 488, and 561 nm lasers and a band-pass dichroic mirror (405/
